We present a mechanism that allows a large Higgsino mass without large fine-tuning. The Higgs is a pseudo Nambu-Goldstone boson (PNGB) of the global symmetry breaking pattern SO(5) → SO(4). Because of the PNGB nature of the light Higgs, the SO(5) invariant Higgsino mass does not directly contribute to the Higgs mass. Large couplings in the Higgs sector that spontaneously breaks SO(5) minimize the tuning, and are also motivated by the requirements of generating a sufficiently large Higgs quartic coupling and of maintaining a natural approximate global SO(5) symmetry. When these conditions are imposed, theories of this type predict heavy Higgsinos. This construction differs from composite Higgs models in that no new particles are introduced to form complete SO(5) multiplets involving the top quarkthe stop is the only top partner. Compatibility with Higgs coupling measurements requires cancelations among contributions to the Higgs mass squared parameter at the 10% level. An important implication of this construction is that the compressed region of stop and sbottom searches can still be natural.
I. Introduction
The Standard Model of particle physics is in many respects the perfect effective quantum field theory. It is fully determined by including all possible relevant and marginal couplings compatible with the particle content, Lorentz symmetry, and gauge invariance. The resulting theory accurately describes all interactions of elementary particles up to the highest energies probed by experiment, including the intricate structure of electroweak interactions and flavor-changing transitions; allowing dimension-5 couplings suppressed by a large mass scale accounts for small neutrino masses and oscillations. Moreover, the recent discovery of the 125 GeV Higgs by the ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider A basic but very important point about this problem is that obtaining a light Higgs mass in the Standard Model requires only a single tuning. This is also true in models with supersymmetry (SUSY), which are the focus of this paper. These models have many parameters, but requiring the absence of fine-tuning constrains only one combination of them. As such, the tuning is dominated by the superpartner masses that give the largest correction to the effective Higgs mass [3, 4] . In the minimal supersymmetric standard model (MSSM) we obtain (see e.g. [5, 6] 
where µ is the Higgsino mass, mt 1,2 are the masses of the two stop mass eigenstates, and mg is the gluino mass. For simplicity we have assumed large tan β and neglected A terms (no stop mixing). The lack of signals in the impressive variety of SUSY searches at the 8 TeV LHC sets lower bounds on superpartner masses, pushing the theory toward the finetuned regime. The large number of possible spectra makes it impossible to draw completely general conclusions regarding naturalness, but is probably fair to say that naturalness has been experimentally probed at the 10% level (see e.g. [7] ).
Another independent tension with naturalness is that the observed physical Higgs mass m h is an additional source of tuning. In the MSSM, the observed value m h 125 GeV requires mt ∼ 1 TeV, which implies percent-level tuning, as we see in Eq. (1) . Eq. (1) neglects A terms and hence stop mixing, but including this does not alleviate the tension [8] .
Naturalness therefore motivates extensions of the MSSM Higgs sector, and many different possibilities have been explored in the literature [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Therefore, complete naturalness of SUSY models requires both a spectrum of light superpartners and an extension of the MSSM Higgs sector. This level of non-minimality has led some to argue that the price of naturalness is too high, and that Nature may prefer a simpler but more fine-tuned scenario (see e.g. [20] [21] [22] ). As discussed above, this tuning requires only a single accidental cancelation, so this point of view should be taken seriously.
However, fully exploring natural models is one of the most important tasks of particle physics.
In this spirit, the aim of this paper is to investigate the model-independence of the naturalness constraints estimated in Eq. (1) on the superpartner spectrum. The naturalness bound on the stop mass can be understood on very general bottom-up principles. The top loop correction to the Higgs mass in the Standard Model is quadratically sensitive to UV physics. In a natural model, some new physics must cut off this dependence. Two possibilities are compositeness of the Higgs and/or top quark, or the existence of "top partners," particles whose loop corrections cancel the quadratic UV sensitivity from top loops. SUSY is the canonical example of the latter, with the stop playing the role of the top partner. The bound on the stop mass in SUSY models is therefore very robust and model-independent. The bound on the gluino mass is also quite general-it arises because mg contributes to the stop mass at loop level, which in turn contributes to the Higgs mass.
1
There is no analogous argument for the naturalness constraint on the Higgsino mass, which is the focus of this paper. In the MSSM and most extensions considered in the literature, a Higgsino mass µ directly contributes to the Higgs mass parameter at tree level:
A Higgsino mass significantly larger than the observed Higgs mass then requires large cancelations from some other source, giving rise to fine-tuning. This connection arises from details of the symmetry structure, so the argument for a naturalness constraint on the Higgsino mass is more model-dependent.
In this paper, we point out that the connection between Higgsino and Higgs masses is completely severed in models where the Higgs boson is a pseudo Nambu-Goldstone boson (PNGB). In such models, the Higgs sector has an approximate global symmetry G, weakly These models do however require a moderate amount of fine-tuning in the Higgs potential to be phenomenologically viable. Denoting the scale of G → H breaking by f , precision electroweak and Higgs coupling measurements require
where v = 246 GeV is the Higgs VEV. The ratio v 2 /f 2 is also a direct measure of the tuning required to obtain v f . To make a fair comparison of the tuning in our SUSY PNGB Higgs models and conventional SUSY models, we compare this with the tuning required to raise the Higgsino mass in the MSSM, which is ∼ m 2 h /µ 2 . In our models, the Higgsino mass is ∼ λf , where λ is a dimensionless coupling in the Higgs sector that spontaneously breaks SO(5). This is also proportional to f , but the tuning is reduced (compared to the MSSM with the same value of the Higgsino mass) for large λ.
Large couplings in the Higgs sector that spontaneously breaks SO(5) are in fact required in our model to maintain the approximate SO(5) symmetry while also generating a Higgs quadratic coupling sufficiently large to be compatible with the observed Higgs mass.
Moreover, they are motivated by the fact that approximate invariance under a global symmetry broken by electroweak gauge and top Yukawa couplings is natural in models with a strong coupling in the Higgs sector. The paradigmatic example is QCD, where an approximate SU (2) L × SU (2) R symmetry is broken only weakly by the fact that the quarks have different electromagnetic charges and masses.
For concreteness, these ideas will be demonstrated with a simple model based on the minimal coset structure G/H = SO(5)/SO(4) [27] . The only additional degrees of freedom beyond the MSSM are two gauge singlet chiral superfields that couple to the MSSM via the superpotential. The approximate global SO(5) symmetry is radiatively stable, but its origin will not be addressed in this work. Since the model is meant as an existence proof, we will work in a subregion of the full parameter space to demonstrate that the general arguments about tuning are supported by a complete numerical analysis.
In our model, we can obtain tuning ∼ < 1/20 for µ ∼ > 2 TeV. Since we will be working with large values of λ, the theory has Landau poles at relatively low scales. These can be cut off by new physics below the Landau pole scale, as is done for other SUSY models in the literature, e.g. [30] [31] [32] [33] . Alternatively, it is possible that the sector that produces the PNGB is strongly coupled, analogous to "superconformal technicolor" models [11, 12] or the ideas in [34, 35] .
A significant difference between models of the type presented below and other realistic PNGB Higgs models in the literature is that in our models the stop is the only top partner.
PNGB Higgs models without SUSY additionally require fermionic top partners in complete SO(5) representations in order to render the Higgs mass calculable. In our models, the stops are sufficient to control the quadratic corrections to the Higgs mass-squared parameter.
However, logarithmic sensitivity to UV scales remains due to the allowed SO(5) breaking terms in the theory. We check that, under renormalization group evolution, the SO (5) breaking remains small up to scales in the range 10 2 -10 6 TeV. This pushes the question of the origin of the SO(5) symmetry beyond scales that can be presently probed. At these high scales, the global SO(5) symmetry may be the remnant of a broken gauge symmetry, for example. The absence of fermionic top partners means that our models have fewer ingredients, and changes the phenomenology compared to models of PNGB Higgs in the literature.
Previous studies of SUSY models with a PNGB Higgs include [36] [37] [38] [39] . In fact, the model of [37] is very similar to ours, although they include top partners to fill out complete SO (5) representations. However, to our knowledge the implications of the naturalness on the Higgsino mass have not been previously emphasized. Also, the possibility of SUSY models with a PNGB Higgs but without SO(5) top partners has not been noted. Supersymmetric
Little Higgs models have also been considered, but with the goal of eliminating tuning due to the large logarithms of the form log(Λ/m soft ) that appear in SUSY models [40, 41] . Again, these models do not focus on the naturalness implications of the Higgsino mass (for example [40] has µ ∼ 200-400 GeV) and incorporate fermionic top partners. An alternative approach to SUSY breaking that does lead to heavy Higgsinos is to invoke TeV extra dimensions with Scherk-Schwarz boundary conditions [42] that project out the light Higgsino [43, 44] . The presence of an extra dimension means that these models require UV completion near the TeV scale, while our models are based on soft SUSY breaking.
The models considered here have potentially important implications for the interpretation of SUSY searches. For example, suppose that at the 13 TeV LHC a SUSY signal consistent with gluino pair production followed by decays involving tops, bottoms, and a neutral LSP χ is observed, with
whereg is the gluino,t 1,2 are the two stop mass eigenstates (their masses are split due to the assumption of a large µ term), andb 1 is the lighter sbottom. 3 Given the large number ofgg events, approximate values for the masses and branching ratios would be inferred. We would not know the identity of the LSP, but we know that the Higgsino mass can be no smaller than 500 GeV, otherwise it would be the LSP. In the MSSM, the tuning in such a spectrum would be dominated by the Higgsino contribution, and would be of order 1% in the best-case scenario where the LSP is Higgsino-like. In our model, we naturally have a much larger Higgsino mass with tuning of order 10%, and the LSP would have essentially no Higgsino admixture. Indeed, the conventional conclusion that natural SUSY is under experimental pressure relies heavily on the assumption that such spectra are tuned because of the necessity of heavy Higgsinos [7] .
Although we attempt to carefully quantify fine-tuning in this paper, we are not claiming that the precise value of the tuning is meaningful beyond a rough estimate. We also do not advocate the idea that nature chooses to minimize some measure of tuning-if this were the case, SUSY would have been discovered long ago. Our point of view is that the fact that nature is apparently somewhat tuned is a possible hint for non-minimal structure in the model, and we are exploring one such possibility. We believe that all possible natural models should be thoroughly examined, and it is in this spirit that we present our work.
The remainder of this paper is organized as follows. In Sec. II, we describe our model and analyze it in several simplified limits to elucidate the important effects that determine the amount of tuning. In Sec. III, we present the results of a complete numerical analysis, demonstrating the improvement in tuning relative to the MSSM. Our conclusions are presented in Sec. IV.
II. A SUSY PNGB Higgs Model
In this section, we show that a SUSY PNGB Higgs can arise from a very simple extension of the MSSM, namely a model with two additional gauge singlet chiral superfields. This allows an embedding of the Higgs sector into a representation of an approximate SO (5) global symmetry. The symmetry is broken explicitly by small superpotential and soft-SUSY breaking terms, in addition to the electroweak gauge interactions and Yukawa couplings.
The model will be analyzed in several steps in order to emphasize important features:
• Beginning with the limit of exact SO(5) symmetry, soft SUSY breaking will be introduced in order to induce a spontaneous breaking of the global symmetry, SO(5) → SO(4). In this limit, there are 4 massless NGBs that will be identified with the physical Higgs, and the Higgsinos will have mass of order the global symmetry breaking scale.
Because the Higgs potential vanishes in this limit, this already shows that a Higgsino mass does not contribute to the light Higgs mass, thereby breaking the naïve SUSY intuition.
• Next, tree-level terms that provide a small explicit breaking of the SO(5) global symmetry are added. Electroweak gauge symmetry is spontaneously broken, and the physical Higgs boson acquires a non-zero mass. The model is automatically in the limit of tan β = 1 due to an unbroken custodial SO(4) symmetry. In this limit, the tuning required to obtain a realistic Higgs potential can be transparently derived, and this can be compared with the tuning for an analogous spectrum in the MSSM.
• Next, the effect of the explicit breaking of the SO (5) global symmetry by the Standard
Model electroweak gauge and top Yukawa couplings will be included. In particular, since the top Yukawa explicitly breaks SO (4), it pushes the model away from the tan β = 1 limit, generating additional sensitivity to the global symmetry breaking (and hence Higgsino mass) scale. In addition, the model-dependent quadratic contributions proportional to the stop soft-mass will be included.
• Finally, we present a complete numerical analysis of the model, explicitly demonstrating that it exhibits the main features described above.
In order to be quantitative, we use a version of the Barbieri-Giudice measure of tuning [48] , the fractional sensitivity of the physical Higgs mass squared m 2 h to changes in the various input parameters p i ,
We have checked that the (more traditional) tuning in v 2 is comparable, but we use m 2 h for practical reasons. Depending on the parameters, we find that the tuning is dominated by one of the following sources:
where δt β = tan β − 1 parameterizes the SO(4) breaking, and µ eff is the effective µ-term generated in our model. The standard 1-loop tuning from stops is estimated by ∆ −1
radiative , and sets a minimum possible tuning for a particular choice of SUSY breaking scale M SUSY .
For sufficiently low values of M SUSY this contribution is subdominant, and the dominant tuning is determined by a competition between the other two sources of tuning.
In the following, we present an approximate analytic argument for these scalings, followed by a complete numerical analysis of the model, which will demonstrate that these effects are robust.
A. The SO(5) Limit
Our model contains the fields of the MSSM, plus two singlet chiral superfields Σ and S.
The MSSM Higgs fields H u and H d can be embedded into a fundamental representation of SO(4),
where the superscripts on the H u,d scalars are SU (2) W indices. This implies the relationships
Combining Σ with these Higgs fields forms a (complex) fundamental of SO (5),
We now present the model in the limit of exact SO(5) symmetry. The superpotential is
W contains no dimensionful parameters-as in the NMSSM, this can give a solution to the µ problem. 4 SUSY is assumed to be broken softly by introducing the following terms into the scalar potential:
The couplings and soft masses can be chosen such that S and Σ acquire non-zero VEVs,
When f = 0, SO(5) is spontaneously broken, yielding a NGB multiplet consisting of the real components of Φ i , which parameterize the coset space SO(5)/SO(4). These will be 4 The omission of the relevant terms S, S 2 , and Φ a Φ a , can be justified by imposing additional symmetries. 5 A linear term in S can be forbidden by imposing additional symmetries. A terms are also neglected.
identified with the Higgs field responsible for breaking electroweak symmetry. The imaginary components of Φ i make up a heavy Higgs doublet with mass
This must be positive in order to have a stable vacuum. In the absence of explicit SO (4) breaking, tan β = 1. Furthermore, the heavy Higgs doublet has a vanishing VEV and does not mix with the light Higgs.
In addition to the Higgs doublets, the spectrum also contains two singlet scalars and two singlet pseudoscalars, which are admixtures of the real and imaginary components of S and Σ. In the limit of vanishing B-terms B S , B Φ → 0 the theory above has a U (1) R symmetry with charges R(S) = R(Φ) = , and therefore an associated axion-like NGB. Nonzero Bterms are therefore important for the phenomenology of the theory, but do not significantly affect the aspects of the Higgs sector that are the focus of this paper. For the numerical analyses performed below, parameters will be chosen such that this axion state is lifted.
The Higgsino mass is given by
while the NGBs are exactly massless. Therefore, this simple limit already demonstrates the separation between the (so-far massless) Higgs scalars and the Higgsinos.
B. Explicit Breaking of SO(5)
We now include terms that explicitly break the global SO (5) Considering only dimensionless terms in the superpotential, we include the following
and the soft SUSY-and SO(5)-breaking terms
in the potential. In order to understand the light Higgs potential, it is simplest to use the effective theory below the mass scale of the heavy fields. Due to the large separation of scales, it is consistent to work at leading order in the SO (5) breaking terms above. We analyze this model in the limit where the B-terms and ∆m 2 SΣ vanish, purely for simplicity. However, we include B S in our numerical analysis below, and also discuss the radiative stability of neglecting various terms in the appendix. Explicit SO(5) breaking gives rise to a potential for the light Higgs doublet H with the Standard Model form
The effective parameters m 2 H and λ H can be obtained by integrating out the heavy fields at tree level:
and
Here we have traded the SO(5) invariant parameters m To understand the tuning, consider the simplest case where λ ∼ κ, u ∼ f , and η ∼ λ ∼ κ λ. Then
The VEV of the Higgs field is given by
such that v ∼ > f unless m 2 H is tuned to be smaller than its natural size. This is the canonical tuning inherent in PNGB Higgs models. For example, if the small value of m 2 H is obtained by canceling ∆m 2 Σ against the other terms, the largest sensitivity is given by
The tuning is always of order v 2 /f 2 , which can be understood from the fact that we are tuning the Higgs to be light compared to heavy states whose mass is proportional to f . 
where m h = 125 GeV is the physical Higgs mass. Note that this is a conservative estimate of the tuning, since it assumes that there is a natural mechanism for generating the Higgs 
where λ is a SO(5)-preserving coupling in our model and λ H = m 2 h /2v 2 = 0.13 is the SM Higgs coupling. We see that the tuning is parametrically improved relative to an MSSM-like model. This is one of the main conclusions of our work.
The tuning in theories with heavy Higgsinos is most significantly improved relative to MSSM-like theories when the Higgs sector that spontaneously breaks SO(5) is strongly coupled. This means that we get the maximum gain in a limit where our model is not calculable. Our attitude toward this is that the model we are presenting is an existence proof, and we will use it to demonstrate that the above simple picture of the tuning can be realized in a complete model. The improvement in the tuning in this model is then limited by the weak coupling that we need for calculability, but we can be confident that there are no hidden problems in this scenario. It is therefore plausible that there are stronglycoupled models with the same general features, and we will illustrate the possibilities by extrapolating the present model all the way to strong coupling.
C. Explicit SO(5) Breaking by Gauge and Yukawa Couplings
In this section, the effects of the Standard Model electroweak gauge and Yukawa couplings is discussed. These must not be too large if we are to maintain a light Higgs mass without fine tuning. Not surprisingly, we find that the largest contribution comes from top/stop loops.
First, consider the electroweak gauge couplings. Because tan β 1, the electroweak D-term contribution to the Higgs potential is negligible. However, electroweak loops will generate a radiative correction to the mass-squared parameters for H u , H d but not Σ, thereby breaking SO(5). The largest contribution comes from the Higgsinos due to the large Higgsino mass in our models. The value is model-dependent because it is sensitive to UV-scale physics, but it can be estimated using the leading-log approximation:
where M SUSY is the SUSY-breaking scale and g 2 is the SU (2) W gauge coupling. Therefore, requiring small ∆m 
In our numerical analysis below, we include this tuning by including in the potential Another important source of explicit SO(5) breaking is the large top Yukawa coupling, which is particularly important as it impacts the potentials for H u and H d differently.
Integrating out the tops and stops generates a correction to the Higgs potential for H u but not for H d
These contributions break the custodial SO(4) subgroup of the approximate global SO (5), so this source of explicit breaking can be parameterized in terms of the resulting deviation from tan β = 1. In particular, for δt β = tan β − 1 = 0, the light Higgs mass will pick up contributions ∆m
eff . This can be understood as a mixing between the PNGB Higgs and the second Higgs doublet, with the amount of mixing set by δt β , and this effect induces an additional source of sensitivity to the global symmetry-breaking scales u, f . As a result, the corresponding tuning is
such that T ∝ δt β is approximately constant for regions of the PNGB sector parameter space where this contribution to the tuning dominates. Hence, for a given value of δt β , there will be a maximum possible improvement in the tuning with respect to the MSSM.
The contribution from top/stop loops to the Higgs quartic is [49] ∆λ
In a natural model with lighter stops, as envisioned here, this contribution to λ H is subdominant for m h = 125 GeV. Nonetheless, it does yield an ∼ 30% contribution to the Higgs mass, so we include a contribution to ∆λ Hu given by Eq. (28) in our numerical analysis below.
As for the electroweak correction discussed above, the term ∆m 2
Hu is model-dependent since it is sensitive to UV-scale physics. In the leading-log approximation, the size of the radiative contribution to ∆m 
where we have neglected A terms and the contribution from the gluino for simplicity. Thus, a reasonable concern is that maintaining small δt β (and hence improvement relative to the MSSM) represents an additional source of tuning in the model due to the radiative (in)stability of small ∆m 2 Hu . The magnitude of the radiative tuning can be estimated using Eq. (29),
This contribution gives a lower bound on the tuning in the model for a given set of stop masses and M SUSY , as in any natural SUSY model. Note that we do not include ∆ (31) and calculate ∆ −1 with respect to both ∆m 2 Hu,0 and the stop mass-squared parameters. The stop mass contributions described above become more important for large µ eff because this increases the stop mass splittings. This increases the tension with naturalness because larger soft-masses in the stop sector are required to avoid conflict with LHC bounds on the lightest stop. One could allow A t = 0, but this would also contribute to ∆m 2 Hu stop through the renormalization group evolution. In the numerical results below, we will fix the lowest stop mass to be 600 GeV, thereby accounting for the increased contribution to the tuning with larger soft-masses.
As one might expect, we find that preserving the gain relative to the MSSM requires maintaining the limit where the PNGB description is approximately valid, which includes the requirement that tan β 1. Consequently, while the largest gains relative to the MSSM are achieved for strong coupling, the improvement does not increase arbitrarily as λ → ∞.
As λ ∝ µ eff increases, small δt β is required such that ∆ 
III. Results
In this section, we confirm the above results based on a full numeric analysis of the tree-level potential, including the most important radiative corrections Eqs. (24) and (30) as described above. A weakly-coupled benchmark point is presented as a proof of principle, and we also present results as a function of λ for a subspace of the parameter space in order to demonstrate the improvement when extrapolating to strong coupling.
The most important experimental constraint on this model comes from Higgs coupling measurements at the LHC. In our model, the light Higgs mixes with CP-even components of S and Σ, resulting in a universal reduction factor κ h in the couplings between the couplings of the Higgs to all other SM particles. Using the full 7 and 8 TeV data sets, ATLAS has given the constraint [50] κ h − 1 > −0.064.
As in any PNGB Higgs model, we have κ h −1 ∼ v 2 /f 2 , assuming v f ∼ u. In the minimal composite Higgs model the constraint Eq. (32) implies f > 710 GeV, which in turn requires tuning of order v 2 /f 2 ∼ 10%. In our model, the precise constraint has a more complicated parametric dependence because the coupling suppression arises from the mixing of 3 states, but the conclusions are essentially the same. We find that imposing the constraint Eq. (32) implies tuning of at least 10%.
A. Benchmark Model
We present a complete weakly coupled benchmark in Table I that satisfies all experimental constraints. This will be used as a starting point to extrapolate into the strongly-coupled regime in the following subsection. Note that we consider only a subset of the possible couplings for simplicity. In the appendix we show that this choice is sufficiently radiatively stable that it does not introduce additional tuning. The physical masses of the particles are mt = 600 GeV, 851 GeV,
scalars: m = 811 GeV, 3.1 TeV,
pseudoscalars: m = 337 GeV, 2.29 TeV.
The tunings with respect to the input parameters are as follows: The tunings in λ, κ capture ∆ correspond to the radiative tunings described in Eqs. (24) and (30) . Note that, for M SUSY = 10 4 10 6 TeV, we would have ∆m This benchmark model is tuned at the level of 3%. Given that the Higgsino mass is µ eff = 1.17 TeV, the corresponding Higgsino tuning in an MSSM-like model would be ∼ 0.5%, corresponding to an improvement factor T = 5.9 (see Eq. (22)). This modest improvement is expected since we are working at weak coupling.
B. Strong Coupling
We now extrapolate the results of the benchmark model to larger values of λ. We do this by simply using the same approximations made for the weakly-coupled model. Even though some quantities will have corrections of order 100%, we expect that the qualitative estimates This shows that a significant improvement in tuning with respect to MSSM-like models is possible in this framework.
IV. Conclusions
We have presented a general mechanism for improved naturalness in SUSY theories with heavy Higgsinos. The main idea is that if the Higgs is a pseudo-Nambu-Goldstone boson (PNGB) arising from a global symmetry breaking pattern such as SO (5) 
Appendix: Additional Symmetry-Breaking Terms
In this appendix, we elaborate on the simplifying assumptions made in Sec. III. We considered a minimal set of parameters including soft SUSY-breaking masses that preserve both SO(5) and U (1) R (m Hu ) and that explicitly break U (1) R (B S ), in addition to a single SO(5)-violating superpotential coupling (η). These parameters are sufficient to yield a viable model, and so we focused on them for simplicity, although other terms could have been included. Indeed, some of these terms will be generated radiatively, and so must be included in a complete analysis.
We have confirmed numerically that including additional terms does not disrupt the stability of our solutions. Moreover, due to non-renormalization of the superpotential and the fact that any radiative corrections must be proportional to small symmetry-breaking parameters, the neglected terms can be consistently treated as small perturbations to the above setup without introducing sizable radiative tuning. This allows us to consistently neglect the couplings λ , κ in Eq. (13) . Similarly, consider (for example) the soft SUSYbreaking mass m 2 SΣ in Eq. (14) . This term breaks SO(5), and as such will receive radiative contributions proportional to η and large soft SUSY-breaking masses. For instance, S loops will generate corrections of size 
Such a contribution is a loop factor smaller than the leading contributions to m In addition, we considered a non-zero B-term, B S , in order to lift the U (1) R flat direction and to give mass to the corresponding NGB-this could also have been accomplished with a non-zero B Φ term, see Eq. (9). As both terms are SO(5)-preserving, they do not significantly influence the details of the Higgs potential. Furthermore, as U (1) R is only softly broken by these terms, radiative corrections must be proportional to B S,Φ , such that the smallness of these terms relative to the other large mass scales in the model (namely m 2 S and m 2 Φ ) is radiatively stable. While B Σ,SΣ in Eq. (14) would influence the Higgs sector, such terms require explicit breaking of both SO(5) and U (1) R , so can be kept small without introducing significant loop-level tuning. Finally, we have neglected the possible inclusion of A terms.
Again, small A terms are radiatively stable as such terms must be proportional to soft SUSY-breaking and U (1) R -breaking, and be linear in mass-as we have no such terms, large A terms will not be generated.
